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ABSTRACT 

 
Experimental results for a photonic recirculating delay line for high-speed, high-resolution Analog-to-Digital Converted 
(ADC) and other applications is presented. The approach modifies an analog fiber optic link with a recirculating optical 
loop as a means to store a time-limited microwave signal so that it may be digitized by using a slower, conventional 
electronic ADC. Detailed analytical analysis of the dynamic range and noise figure shows that under appropriate 
conditions the microwave signal degradation is sufficiently small so as to allow the digitization of a multi-gigahertz 
signal with a resolution greater than 10 effective bits. Experimental results provided support the theory. 
 
Keywords: Photonic Analog-to-Digital Conversion, Microwave Photonics, Optical Signal Processing. 
 

 
1. INTRODUCTION 

  
An analog-to-digital converter (ADC) is a key element linking the collection of analog sensor data and converting it to a 
binary representation suitable for digital processing. The realization of a high-speed, high-resolution ADC has proven 
itself a difficult task, and the potential for using optical processing as a means to achieve high-speed conversion has long 
intrigued system designers [1,2]. Although there has been significant progress with high-speed electronic ADC systems, 
the ability to achieve conversion rates (at least 1010-samples per second) at a reasonable resolution (greater than 4 - 6 
bits) remains an elusive goal [3, 4]. 
 
Though a wide variety of approaches exist for the implementation of an all-photonic high speed ADC [5-10], much 
emphasis has been placed on taking full advantage of advances in electronic ADC technology [11-14]. The latter type of 
approach is generally termed an optically assisted ADC, and uses optical techniques to condition the high-speed signal 
to be digitized in such a way that a comparatively lower-speed electronic ADC can be used to perform the actual 
digitization. Such an approach is especially attractive in that it allows the optical ADC architecture to keep pace with 
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 advances in electronic ADC technology. Specifically, as the speed and resolution of electronic ADC’s continue 
improve, the optical portion of the system is used to further enhance the performance of the overall system.   

 
This paper shows how a conventional analog fiber optic link can be augmented with a recirculating optical delay loop so 
as to realize an optically assisted ADC that provides improved performance in terms of both speed and resolution using 
one (slower) electronic ADC. The overall architecture is quite simple and readily integrates with any electronic ADC 
system. Moreover, the high-speed ADC performance is fundamentally limited by the performance of the fiber optic link. 
Since high fidelity fiber optic links, specifically links having a large dynamic range, are the subject of ongoing research, 
improved link performance will translate directly to improved ADC performance. The approach also has the distinct 
advantage in that it can be configured to provide both high-speed and high resolution thereby avoiding the speed-
resolution tradeoffs that have plagued ADC system designers. 
 
Section 2 of this paper explains the overall system operation, specifically the speed-resolution tradeoff, by quantifying 
how the recirculating delay loop degrades the fiber optic link performance, and finally Section 3 presents proof-of-
principle experimental results.  
 

2. SYSTEM OPERATION 
 
2.1 Timing and Bandwidth Considerations 
 
We assume that the sampling rate is determined from the Nyquist criteria, namely that an RF signal whose highest 
frequency component is maxf requires a sampling rate of fs  samples per second, corresponding to a sampling interval of 

fT , where ( ) 11
max2f fT s f −−= = . A signal of duration of T  seconds would require ( )integer fN T s= ⋅  high-speed 

samples, while these same N  sample values can be (ideally) captured from the periodic extension of the time-limited 
RF input. This in turn allows the input signal to be digitized using a (comparatively slow) ADC, sampling at a reduced 
rate with associated sampling interval sT , where fs TTT += . Thus, successive samples of the high-speed signal can be 

acquired from properly timed successive periods of the input signal. It is seen then that the required N  high-speed 
samples can be captured from N  periods. The number of periods required to capture the necessary input information 
thus represents a fundamental parameter in the analysis to follow. Note however that the timing jitter requirements 
(aperture uncertainty) are the same as those for the high-speed ADC, an issue examined later in this paper. The time-
limited requirement of the signal also provides a low frequency limit of 1

min 2 sf T −= , though this is of lesser 
significance than maximum frequency, it does pose an engineering issue relating the maximum frequency, bandwidth, 
and number of samples that would need to be addressed for a given application. 
 
2.2 Photonic System  
A block diagram showing the details for modifying an analog fiber optic link with a recirculating (optical) delay line so 
as to produce the periodic extension of the microwave input signal as well as the associated low-speed ADC is shown in 
Figure (1). Referring to Figure (1), the signal to be digitized first amplitude modulates a CW laser. The signal 
conditioning shown provides for sign-bit extraction and any amplification, level shifting, or band limiting that may be 
required for optimal link performance. Such signal preconditioning is present in any ADC and is not considered further 
in this paper. For proper operation of the system it is imperative that the RF input signal be strictly time-limited, and this 
can be accomplished in a number of ways. Figure (1) shows an optical switch (OS) at the output of the modulator.  This 
switching operation can be realized in the optical domain, for example, with a high-speed electrooptic or acoustooptic 
switch or an electroabsorption modulator that interrupts the optical path after the required length of time. Alternatively, 
the time-limiting operation can be performed electronically at the input to the amplitude modulator. This optically 
modulated, time limited RF signal is then injected into the recirculating loop by means of an optical coupler. The 
purpose of the recirculating delay (with a loop transit time of T seconds) is to produce the (nominally) periodic replicas 
of the input signal of period T as discussed. The recirculating loop contains a semiconductor optical amplifier (SOA) to 
compensate for any losses in the loop and an isolator to insure one-way loop circulation. An appropriate length of optical 
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 fiber is used to (roughly) establish the necessary time delay T while a variable delay line trimmer is included to 
precisely adjust the loop delay to the exact value. This required loop length can be computed, assuming that the signal 

essentially propagates in optical fiber as =f sn L cT  where c is the speed of light in free space and nf is the fiber group 
index.To prevent time-aliasing as the optically modulated RF signal recirculates, a second time limiting optical switch is 
also included in the delay loop as a means to purge the recirculating signal once the digitalization process is completed 
so that the operation may start again with the next input signal packet to be digitized. If the gain of the SOA were 
adjusted to exactly compensate for the loss, the system would essentially act as a ring cavity laser resonating at 
frequencies where the loop phase-shift is an integer multiple of 2π. Since the loop time delay is relatively long, perhaps 
as long as several microseconds, the loop will support a very large number of resonances. With the lack of any frequency 
selective device in the loop, lasing at any particular wavelength(s) is not likely. Under proper operating conditions, the 
coherent addition of the optically-modulated RF signal will never occur in the loop. This suggests that is necessary, a 
polarization scrambler can be included in the loop, resulting in a polarization dependent loss that is not compensated by 
the SOA gain and hence completely suppress any laser oscillations. Upon exiting the loop via the input/output coupler, 
the delayed, RF modulated optical signal is detected and demodulated by a high-speed photodetector. Note also that the 
first pulse to exit the system will not have traversed the recirculating delay loop but rather passes directly through the 
input/output coupler. Because of the possible disparity in amplitude level this pulse may not be directly usable as part of 
the signal to be digitized. It can however be useful as a header signal indicating to the electronic ADC system that an 
input signal is forthcoming. Once again, if necessary, the detected electrical signal may be appropriately conditioned 
before being digitized by the low-speed ADC. 

 
As Figure (1) suggests, with the exception of the recirculating delay loop, the remaining components consist simply of a 
conventional fiber optic link. Clearly then the performance of the complete system will be ultimately limited by the 
performance of the fiber link used. The analysis to follow will thus concentrate on how the inclusion of the recirculating 
delay line degrades the performance of this fiber link. Once this degradation has been quantified, the link specification 
needed to meet an overall ADC performance requirement can be stated.  

 
Proper evaluation of the performance of the ADC system requires that several factors be quantified. These include the 
exact nature of the loop timing, the degradation in the dynamic range of the RF input signal with each loop circulation, 
the restrictions on the input signal-to-noise ratio (SNR) so as to achieve a specified effective number of bits for the ADC, 
and timing jitter (aperture uncertainty), and these factors are now examined. 

 
Figure 1: Block diagram of the modification of a fiber optic link with a recirculating delay line to realize an optically assisted ADC. 

 
2.3 Noise Figure, Signal-to-Noise Ratio, and Effective Number of Bits 
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 In addition to the ADC conversion speed, another major factor limiting the ADC performance is the effective number 
of bits (ENOB). This is generally expressed in terms of the dynamic range of the overall system. For a broadband fiber 

optic link, the dynamic range is limited by intermodulation products introduced by the modulator nonlinearities. The 
maximum allowable RF input signal that can be applied to the modulator occurs when the power contained in the first 
intermodulation product at the output just equals the power in the noise floor. This defines the spur-free dynamic range 
(SFDR) or the maximum SNR. The maximum allowable input voltage determines the full-scale voltage FSV .  For a B-bit 

ADC, the full-scale voltage is expressed as 2B
FS LSBV V= , where LSBV  is the minimum voltage (corresponding to the 

least significant bit) that can be resolved. For an arbitrary input signal, it is usual to assume that the signal quantization 

error is uniformly distributed over the sampling interval which results in an rms noise voltage of 
12rms

LSB
noise

VV =  [3]. 

The ratio of the rms value of the full-scale voltage to 
rmsnoiseV gives the classical result relating the SNR and resolution 

(ENOB) B, namely 

 23 2
2

BSNR =                                                                     (1) 

Equation (1) establishes the ENOB available from and ADC due to the SNR alone. 
 
The inclusion of the recirculating loop will degrade the dynamic range of the link. The degradation in the SNR of the 
RF-input signal as it propagates through the recirculating delay loop the required N  number of times is readily 
characterized by the overall system noise figure, defined as 

 

                                        ( ) without recirculating loop
RF

with recirculating loop Same Gain

SNR
F N

SNR
=                                               (2) 

 
assuming the same RF link gain for both cases. 

 
Referring again to Figure 1, let 1IL >  denote the isolator loss, 1cL >  the coupling ratio (splitting and excess loss), 

1tL >  is the corresponding coupler through insertion loss, and 1exL > the total excess loop loss arising from connector 

loss as well as any other looses present in the loop. Also denote the gain of the optical amplifier as SOAG  with 

corresponding noise figure SOAF . A straightforward analysis shows that the loop noise figure is 

 
1ex t

Loop I SOA
SOA

L LF L F
G

⎛ ⎞−
= +⎜ ⎟

⎝ ⎠
 (3) 

 
As the RF modulated optical signal circulates around the loop, the signal-to-noise ratio degrades with each pass. For the 
Nth loop circulation the associated noise figure ( )n

LoopF  is        

  
1

( )
2 1 1

1 1 1 11
1

−

− −

− − − − −
= + + + + = +

−
L

N
Loop Loop Loop Loop LoopN

Loop Loop LoopN N
Loop Loop Loop Loop Loop

F F F F G
F F F

G G G G G
 (4) 

where the loop gain is  

 SOA
Loop

I t ex

GG
L L L

=  (5) 
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 where 1t cL L= −  is the coupler thru loss. Since the link output is to be the periodic extension of the input, the SOA 

gain is adjusted so that 1LoopG =  so that Equation (4) becomes 
  

 ( )( ) 1 1N
Loop LoopF N F= − +  (6) 

 
Equation (6) shows that although after many loop circulations the signal will be largely corrupted by noise, it is still 
reasonable to expect that for values of integer N sufficiently small, a signal with a reasonable SNR can still exist in the 
loop. It will be seen later that values significantly greater than N = 10 are quite reasonable. 
 
Note also that some additional degradation in SNR occurs due the initial and final coupling into and out of the loop. This 
overall (optical) noise figure ( )NF  is given by (again for the case of unity loop gain) 
 

 ( )

1

, 0
1 , 1

, 1

t

N SOA SOA c ex
c I

SOA
N
Loop SOA N SOA I SOA I c ex I SOA

c
SOA Loop

L N
G F L LF L L N

G

G G F G L F L L L L G
L N

G G

+

⎧
⎪

=⎪
⎪ − +⎪= =⎨
⎪
⎪ + + − −⎪ >
⎪⎩

 (7) 

 
The SNR characteristics for direct-detection analog fiber optic link with external or direct modulation are well known 
[19]. The present discussion then serves only to indicate the manner by which the recirculating delay loop impacts the 
overall noise of the system. Three significant noise sources are present; input noise, detector noise (primarily shot, 
thermal, and dark current noise), and laser noise. The average noise power introduced in the detection process is 
designated, Detector NoiseP  and is not effects by the presence of the recirculating loop. The average laser noise power, 

designated as Laser NoiseP , is primarily a result of the relative intensity noise (nRIN). Finally, the noise present at the 

modulator input, generally thermal noise, contributes a term Input NoiseP . The total electrical average noise power at the 
detector output can be expresses as 
 

 ( )0Total Noise Detector Noise RF RF Input Noise o RINP P G P F n= + +  (8) 
 
where Fo(0) is the link noise figure in the absence of the recirculating loop and is given by 
 

 1 ex ex t
o

ex mod

LF η η
η η

− +
=  (9) 

and where the link RF gain is  

 
21 1

ex mod N o modout L
RF

in mod

G P Zp RG
p V Rπ

πρη η− −⎛ ⎞⋅ ⋅
= = ⎜ ⎟⎜ ⎟

⎝ ⎠
 (10) 

 
In equation (10) η is the link gain/loss, Po is the laser power, ρ is the detector responsivity, Vπ represents the modulator 
extinction voltage, RL is the load impedance, and Zmod is the modulator input impedance with Rmod =Re{Zmod} 
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 The major controllable factor influencing the total is due to the laser RIN, which can be minimized by using a solid-
state laser.  The system SNR can be further reduced using coherent detection but at the expense of a more complicated 

system. 
 
From equation (2), the noise figure ( )F N  representing the degradation in SNR after N  loop-circulations can be 
expressed,  
 

 ( ) ( )
( )0

+ +
= =

+ +
without loop d RF RF input o RIN

RF
with loop d RF RF input o RINSame Link Gain

SNR n G n F N n
F N

SNR n G n F n
 (11) 

 
where the noise figure with the recirculating loop present is given by 

 ( )
( )( )1 1N

ex ex t t
o

ex mod

L L F
F N

η η

η η

− + + −
=  (12) 

Equation (11) assumes 1LoopG = and that the coupler ratio cL is chosen to maintain the same link gain for no passes as 
for N-passes. 
 
Since the SNR and link resolution B are related by equation (1), equation (11) allows the computation of the effective 
number of bits of the ADC as follows. Let oB represent the link resolution without the recirculating loop and let effB be 
the resolution with the recirculating loop present. Then, 
 

 
2

23 2 3 2
( ) 2 ( ) 2

o
eff

B
Bwithout loop

with loop
RF RF

SNR
SNR

F N F N
= = =  (13) 

Solving for effB gives 

 2
1 log ( )
2eff o RFB B F N= −  (14) 

 We see that the degradation in the SNR increases logarithmically with noise figure ( )F N . With regard to the 
present system architecture the ADC performance can be captured effectively in terms of a reduction in the 
ENOB, r o effB B B= −  or 

 2
1 log ( )
2r RFB F N=  (15) 

 
To estimate expected performance, consider 3-dB couplers with a 1-dB insertion loss, and total excel loop loss 

of 3-dB, and an SOA with a 4-dB noise figure. From these, estimates for the corresponding noise figure as a function of 
the number of loop circulations can be obtained from Equation (11) and, more significantly, the reduction in the ENOB 
can be computed from Equation (15). For these estimates, the SOA gain was chose to exactly cancel the loop loss (~ 4.5 
dB). This gives from Equation (3) a loop noise figure of just over 7.7 dB corresponding to a reduction in the ENOB. It is 
seen that even after several hundred-loop circulations the ENOB has been reduced by roughly four bits. This means that 
a link capable of resolving the desired number of bits plus the bit reduction is required. To place this in perspective, note 
that a 10 - bit ADC requires a Spur-Free Dynamic Range (SFDR) of roughly 60.4 dB. The present approach thus 
requires the ability to resolve 14-bits, or a SFDR of roughly 83.7 dB in a 5 GHz bandwidth for a 10 Gsps ADC. 
Expressed in terms if of a 1 Hz bandwidth, a SFDR of 148.3 dB is required. State-of-the-art broadband (18 GHz) analog 
fiber optic links have a SFDR in excess of 130 dB, hence, at the reduced bandwidth the link requirement, though 
challenging, is within reach. Commercial ADC systems have been reported with an ENOB of (roughly) 10-bits with 
sampling frequencies in excess of 100 MHz [3]. This suggests that the photonically assisted system presented here with 
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 N = 100 would potentially yield a 10 Giga-sample per second ADC with the required ten bits of resolution. However 
other factors must also be considered which also limit the ENOB. As mentioned previously, the aperture uncertainty 

requirements are those of the high-speed ADC. The effective number of bits as a function of timing jitter is given by 

 
1 2

3
B

a
samplef

τ −=  (16) 

from which we find that a 10-bit, 10 Gsps ADC requires an aperture uncertainty of roughly 65 fsec, another challenging 
requirement that can be met with a mode-locked (pulsed) laser clocking system, since solid-state clocks generally can 
provide uncertainties on the order of 1 ps [18]. 
 

3. EXPERIMENTAL RESULTS 
 
The system shown in Figure (2) was constructed on an optical bench. A 1550 nm, 50 mw diode laser used as the optical 
source. The link was modulated using an 18 GHz - LiNbO3 Mach-Zehnder modulator electrically driven with a 1 GHz 
tone burst. The RF modulated optical signal was injected into the recirculating delay loop via 3 dB coupler. A loop time 
delay of roughly 100 - nanoseconds was achieved using approximately 22 meters of single mode fiber with fine time 
delay adjustment (+ 3 nanoseconds) obtained from a variable delay line. Note also that the fundamental ring architecture 
with unity gain is essentially a laser. Since it lacks a frequency selective element the ring laser will act as a noise source 
and swamp any signal present in the loop unless lasing is prevented, and this is accomplished by using gates in both the 
input and ring circuits. The RF-modulated laser signal is gated into the loop for a specified time period and then 
disabled. Disabling the input gate prevents the laser signal from continuing to enter the ring once the RF signal has 
terminated. The ASE noise form the loop amplifier would again tend to stimulate lasing unless this effect is accounted 
for. This is accomplished by ensuring that the total loop delay is grater than the duration of the RF signal circulating in 
the loop. A second gate then essentially introduces significant loss in the loop and thus preventing lasing from occurring 
except for the time period required for the RF-modulated optical signal to pass through the loop gate. In this way, the 
loop gain is unity for a length of time which is less than the total loop delay so constructive interference cannot occur.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Experimental setup. 
 
Once additional concern involves the gain dynamics of the loop’s optical amplifier. With little or no light entering the 
amplifier when the loop gate is open, the turn-on time of the SOA when the light does enter will prevent the total 
required loop gain from being when needed. This effect is mitigated by using distributed amplification in the loop. For 
the experimental setup shown in Figure (2) two optical amplifiers were used in the loop which allowed for a lower gain 
in each amplifier and thus a faster turn-on time. Future implementation of the system would perhaps use either more 
amplifiers or else a continuously distributed amplification scheme. 
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 The RF-modulated signal is gated in to the ring by allowing the modulated light Upon exiting the loop via the 3-dB 
coupler, the signal is directed to a 20 GHz PIN photodetector, and the resulting periodic signal is viewed on a high-

speed oscilloscope. Also note that since the system was constructed with (connectorized) bulk optical components, this 
resulted in reduced SNR performance. Finally the time domain performance is shown in Figures (4) and (5).  
 
 
 
 
 
 
 
 
 
 
 
 
    (a)           (b) 
 
Figure 3: Measured output voltage for the thru signal and the first ten periods; (a) entire waveform, (b) details of pulses. 
 
4. CONCLUSIONS 
 
This paper has presented a design for a simple yet effective way of implementing an ADC with the potential to achieve 
of both high-speed and high resolution. Preliminary data, obtained form a tabletop implementation, demonstrates, at least 
in-principle, the validity of the proposed ideas. A distinct advantage is that the ADC system can be realized by the 
appropriate modification of an existing fiber optic link. Furthermore, it was shown that the inclusion of the recirculating 
delay loop used to modify the link results in only a minimal reduction in the effective number of bits. Consequently the 
performance of the present ADC system improves as both fiber optic link technology and electronic ADC technology 
improves. Since these are the subject of great interest in the microwave photonics community, such improvements can 
be expected. This paper further quantified and provided accurate analytical estimates for critical parameters such as the 
ENOB, the overall noise figure, and the sampling rate. 
 
The most severe restrictions on the ENOB arise from the required SFDR and aperture uncertainty. These restrictions are 
especially critical for broadband links that are generally thermal noise limited. Quantum limited detection is possible by 
using coherent detection but at the expense of a somewhat more complicated system and now with the concerns of added 
phase noise. The dynamic range of fiber optic links can be extended, in some cases significantly, by a variety of 
techniques. These include linearizing the output of the EO modulator by pre-distorting the input signal or by linearizing 
the modulator itself by utilizing multiple modulators to subtract out some of the nonlinear effects of a single Mach-
Zehnder device. Though such approaches have proven effective, these techniques typically have sub-octave bandwidths 
and result in a more complicated system [16]. 

 
Since the noise figure of the recirculating delay loop represents a major source of SNR degradation, especially for a 
large number of circulations, it is important to reduce the laser (RIN) noise as must as possible. The RIN noise may be 
reduced to almost immeasurable levels by using a solid state laser source instead of the more common semiconductor or 
fiber laser.  
Another inherent limitation with this approach is time required for digitization of a time packet T seconds long. The N – 
loop circulation needed to obtain all the samples, a processing time of approximately NT seconds is required. Because of 
the simplicity of the ADC structure, this drawback can be mitigated to some extent by using a time-multiplexed multiple 
ADC approach as is sometimes employed in the design of high-speed oscilloscopes. Other ways of addressing this issue 
involve the use of multi-wavelength systems and are currently under investigation. On the other hand, many high-speed 
applications such as radar only operate on a finite time portion of a signal so that the present system may be adequate.  
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 A final concern, in fact one that exists for any high-speed ADC, is the timing accuracy of the signal samples. Though 
the present approach allows for the implementation of a “fast” ADC from a slower electronic ADC, the timing 

accuracy (jitter) for the slow ADC used in the implementation would likely not be insufficient for the high-speed 
operation. Adequate clock stability would require a separate timing unit for the ADC system. Since a suitable stable 
clock is an essential component for any ADC system, timing circuits employing stable mode-locked-lasers are being 
studied by several investigators [17, 18]. Timing stability concerns may also require that portions of the system, 
especially the recirculating loop, be place in a temperature-controlled environment as is often done with high-speed test 
equipment.All of the above concerns discussed are currently under investigation and will be reported on at a later time. 
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